Abstract The preliminary design of an arc chamber in the 550 kV SF6 circuit breaker was proposed in accordance with the technical requirements and design experience. The structural optimization was carried out according to the no-load flow field simulation results and verified by no-load pressure measurement. Based on load simulation results such as temperature field variation at the arc area and the tendency of post arc current under different recovery voltage, the second optimal design was completed and its correctness was certificated by a breaking test. Results demonstrate that the interrupting capacity of an arc chamber can be evaluated by the comparison of the gas medium recovery speed and post arc current growth rate.
Introduction
In the basic performance of a high voltage circuit breaker, the breaking characteristics are the most important technical indicators on measuring the product property [1−5] . The load interrupting of the SF 6 circuit breaker chamber is an extremely complex physical processes involving thermodynamics, gas dynamics, electromagnetic and high voltage insulation. The arc burning and extinguishing properties are closely related with the structure of the arc chamber [6−14] . The previous arc chamber design is based on theoretical qualitative analysis and trials experience, therefore it is often accompanied by low reliability, blindness and a low success rate. In recent years, the arc chamber interrupting characteristic mathematical simulation has been applied to the new product design and development work. It not only improves the design efficiency, reduces development costs, but also is able to observe phenomena and laws that experimental studies have difficulty observing or measuring, such as the gas flow speed, pressure, density and temperature distribution in the circuit breaker interrupting process [15−21] . Recent studies have focused on the pressure, flow and dielectric recovery calculation in the interrupting process, particularly researching the trends of dielectric recovery under different contact opening speeds [22, 23] . However, these studies in dielectric recovery were mainly for the 126 kV circuit breaker and a lack of experimental verification.
In this paper, combining the capacity test results of the interrupting 63 kA current, we analyzed the effect of flow field and arc simulation on evaluating the interrupting performance in the interrupting process of the 550 kV circuit breaker chamber. According to the basic design parameters and product development experience, the author made a preliminary structural design of the 550 kV circuit breaker arc chamber. Two optimization designs were made in the 550 kV circuit breaker chamber, referencing the flow field simulation results under no-load and load conditions. The feasibility of the optimization program was verified by the noload pressure measurement and product breaking test, simultaneously the guidance of flow field and arc simulation in circuit breaker chamber design was also discussed.
Preliminary design of arc chamber
At the beginning of the circuit breaker design, the basic design parameter of the breaker was proposed to meet the power demand (Table 1 ). In accordance with previous experiences in product design, arc chamber mathematical calculations and interrupting tests, it was initially determined that the type of 550 kV circuit breaker was a single fracture design, using a puffer type arc chamber. The main elements and parameters are shown in Table 2 . After determining the arc chamber structure and the critical dimensions of the major components, the simulation model of the arc chamber was built, and several key monitoring points were selected to record the pressure, temperature, flow speed and other parameters changes. The flow field model and monitoring point locations are given in Fig. 1 . In order to facilitate the calculation, during the simulation, we assume moving arcing contact, cylinders, and nozzle do not move, piston, static arcing contact and its associated components move as the travel curve shown in Fig. 2 . The researchers performed a no-load flow field simulation on the opening process of the initial designed structure, optimizing the inner diameter and volume of the cylinder and the inner diameter and shape of nozzle, and proposed the arc chamber structural improvements scheme in view of the on-load simulation results. The pressure variation obtained by the simulation in the cylinder and nozzle is revealed in Fig. 3 .
In the first 20 ms from the contact motion, the static arcing contact has not left the nozzle. Due to the blockage effect of the static arcing contacts, almost no gas flows out of the cylinder and the internal pressure in the cylinder rapidly increases (curve 4). After 20 ms the nozzle is fully open, but the pressure in the cylinder still continues to increase and reach the maximum (1.55 MPa). The pressure in the cylinder begins to drop after 24 ms, and this is because the piston velocity decreasing results in the piston compressor effect becoming less than the nozzle deflation effect.
The pressure curve at the nozzle upstream is the same as the cylinder (curve 1). However, there is a delay about the pressure increasing in the nozzle upstream with respect to the pressure in the cylinder from 20 ms to 24 ms. The maximum pressure in the upstream is 1.45 MPa, that is less than the value in the cylinder. The reason is that the nozzle is fully open after 20 ms, and a large amount of gas flow produces the pressure difference and increasing delay. The pressure in the nozzle throat is maintained at a higher pressure range (0.9-1.0 MPa) from 15 ms to 20 ms, and reaches the maximum 1.0 MPa (curve 2). The pressure in the nozzle downstream has been in shock from 18 ms to 24 ms, and a peak appears where the magnitude is 0.88 MPa (curve 3). 
No-load pressure measurement
The structural optimization of the arc chamber is implemented according to the improved scheme. The prototype is manufactured and the no-load pressure measurement is carried on it. The absolute pressure of SF 6 in the test breaker is 0.7 MPa. Four piezoresistive pressure sensors with the type of ENDEVCO 8530B-500 are applied to capture the pressure variation. The four sensors are arranged at the positions of the nozzle, upstream, throat and downstream, demonstrated as Fig. 4 . The breaker opening test waveform is shown in Fig. 5 . The pressure variation in the nozzle upstream point 1 (curve 3) and point 2 (curve 2) is basically consistent. At the beginning of contract moving, the pressure at the nozzle upstream and cylinder gradually increased because of the piston compressing the gas. After the nozzle is fully opened, the piston keeps compressing the gas, therefore the gas compression in the cylinder and the gas releasing from the nozzle happen simultaneously. Due to a significant increase in SF 6 gas density, the influence of the nozzle blowing is far less than the cylinder compression, consequently the pressure in the cylinder keeps increasing until the piston velocity starts to decrease. When the moving arc contact moves for 240 mm, the pressure in the nozzle upstream reaches the maximum (1.363 MPa). The pressure in the nozzle throat gradually decreased because of the blockages and pulled out of stationary arc contact. When the contact moves for 80 mm, the throat pressure is 0.6 MPa (base pressure is 0.7 MPa), soon afterwards it begins to increase and suddenly rises rapidly after 135 mm movement. When the contact moves for 160 mm, the throat pressure is the maximum 1 MPa and the high pressure level maintains around 5 ms. Then the throat pressure appears to have a rapid decline when the contact moves for 220 mm, and it achieves the minimum 0.5 MPa. The pressures at the nozzle downstream are 0.508 MPa, 1.067 MPa and 0.491 MPa, and the corresponding contact displacements are 187 mm, 212 mm, and 243 mm, that form a sharp pulse. 
The results comparison of no-load simulation and measurement
The maximum pressure in the nozzle coming from the simulation and measurement is shown in Table 3 . Their data comparison illustrates the simulation maximum pressure at the upstream and the corresponding contact movement location is nearly identical with the measurement. The simulation maximum pressure at the throat is exactly the same as the measurement, which both maintain a high pressure level about 5 ms. The sharp pulse at the downstream from the measurement data is also discovered in the simulation, however, the pressure difference of the sharp pulse in the measurement is larger than in the simulation. 4 Load simulation and test
Load simulation result
The airflow path is optimized by preliminary no-load simulation. However, to further evaluate the interrupting capacity of the arc chamber, the load simulation is essential. The arc chamber structure and motion characteristic of load simulation are the same with a no-load one. The rated short circuit current is loaded as 63 kA, and the mathematical model of the arc is established according to the general conservation equations.
Where φ is the variable to be solved, meanwhile ρ and V is the density and velocity of the gas respectively. The source term S φ and the diffusion coefficient Γ φ are listed in Table 4 , where all notations have their conventional meaning [24−28] . The temperature field in the arc chamber during high current and current zero period is shown in Fig. 6 and Fig. 7 . Fig. 6 demonstrates that the initial arc is relatively thin, and the arc size increases with increasing current. When the current flows through the first zero point, the reducing of input energy makes the arc shrink. As the current increases again, the arc rapidly expands and fills the nozzle at the current peak time. With the current close to the second zero point, the arc size becomes smaller drastically again, simultaneously the blowing is also relatively strong; the arc becomes very thin and it will be disconnected at the second current zero point. Fig.6 The temperature variation of arc during high current period Fig.7 The temperature variation of arc during current zero periods
The temperature variation of the arc during current zero periods is given in Fig. 7 . The arc size is getting smaller with the current close to zero. The arc center temperature has been below 20000 K in absolute current zero, and the temperature in most regions between fractures is below 2000 K. SF 6 gas is resuming its insulating properties. At the time of current absolute zero, although the arc is very thin, it is not completely disconnected.
Judgment of arc chamber breaking capacity
After the current reaches zero, a different rate of the rise of recovery voltage (RRRV) is exerted on the simulation model, and the post arc current is also calculated.
If the dielectric strength of the gas recovers faster than the growth rate of the post arc current, the arc will be completely extinguished finally; on the contrary, breakdown will occur. As a criterion, the second arc chamber structure optimization is accomplished according to the simulation result of the arc and post arc current. The post arc curve of the secondary optimized arc chamber structure is presented in Fig. 8 , which explains that repeated breakdowns happen when the RRRV is 3 kV/µs and 4 kV/µs and it will not appear when the RRRV is 2 kV/µs and 1 kV/µs. Referencing the test requirements of the 550 kV circuit breaker terminal fault in China's National Standard (GB1984-2003), the RRRV is less than 2 kV/µs. Therefore, it receives an initial conclusion that the interrupting capacity of the circuit breaker meets the requirements for type testing. The 550 kV circuit breaker passed all the capacity tests in the Xi'an High Voltage Apparatus Research Institute, and the test waveforms of the interrupting 63 kA current are shown in Fig. 9 . Afterward it adopted a national identification, moreover it has been in safe operation in the power system for many years. The above results validate the accuracy of the breaking capacity assessment in the simulation model. Fig.9 The test waveforms of 550 kV circuit breaker interrupting 63 kA current
Conclusions
The no-load pressure measurement data of the 550 kV circuit breaker are identical to the simulation results, which proves the accuracy of the simulation model and the feasibility of the development plan based on the no-load simulation results.
The 550 kV circuit breaker arc chamber load simulation is able to characterize the temperature variation of the arc in the interrupting process.
The 550 kV circuit breaker successfully passed the capacity test and its normal operation in the power system certified that comparing the recovery speed of the gas dielectric strength and the post arc current growth rate is a quite feasible arc chamber interrupting capacity assessment method. However, the accurate characterization of the gas medium recovery situation in the arc chamber after the extinguishing of the post arc current requires further theoretical and simulation research.
